Abstract. Atmospheric rivers (ARs) account for more than 75% of heavy precipitation events and nearly all of the extreme flooding events along the Olympic Mountains and western Cascade mountains of western Washington state. In a warmer climate, ARs in this region are projected to become more frequent and intense, primarily due to increases in atmospheric water vapor. However, it is unclear how the changes in water vapor transport will affect regional flooding and associated economic impacts. In this work, we present an integrated modeling system to quantify the atmospheric-hydrologic-hydraulic and economic responses of the climate system to future radiative forcings and c) different responses of the surface hydrologic system. In the warming scenario, AR integrated vapor transport increases, however, these changes do not translate into generalized increases 10 in precipitation throughout the basin. The changes in precipitation translate into spatially heterogeneous changes in sub-basin runoff and increased streamflow along the entire Chehalis main stem. Economic losses due to stock damages increased moderately, but losses in terms of business interruption were significant. Our integrated modeling tool provides communities in the Chehalis region with a range of possible future physical and economic impacts associated with AR flooding.
rivers. The most significant floods in the observational period are: Jan 1972 , Jan 1990 , Nov 1990 , Feb 1996 , Dec 2007 and Jan 2009 . In this exercise, we only simulate the Dec 2007 event.
Observations
We used the 1/16
• latitude/longitude daily gridded precipitation product derived from NOAA Cooperative Observer (COOP) stations by Livneh et al. (2013) . In addition, we used hourly data from seven NOAA (4 COOP and 3 HADS) stations in and 5 around the Chehalis basin ( Fig. 1b and Table 1 ). We used USGS streamflow observations from 15 gauges located throughout the basin (Fig 1b and Table 1 ). During the flood event, the upstream-most gauge (Doty) measured streamflow up to approximately 60,000 cfs, cut then malfunctioned during the time of peak flood (WSE, 2012) , consequently, the peak discharge was estimated by the USGS. In addition, we used the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Reanalysis model. We tested other microphysics schemes, but we found that WSM 6-class yielded precipitation that was closest to observations.
Models
Our hydrologic simulations used two different models: the U.S. Army Corps of Engineers (USACE) Hydrologic Engineering Center (HEC) Hydrologic Modeling System (HEC-HMS) and the University of Washington's Distributed Hydrology Soil
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Vegetation Model (DHSVM) hydrologic model (Wigmosta et al., 1994) to estimate the response of the Chehalis watershed to precipitation (Fig. 1b) . Our goal in using the two models is to account for uncertainty in the physical representation of hydrologic processes. In HEC-HMS, we partitioned the watershed into 64 sub-basins with homogenous soil and land cover properties based on data from SSURGO (USDA-NRCS) and NLCD 2011 (Homer et al., 2015) . HEC-HMS provides the streamflow response of each of the sub-basins that drain to the Chehalis main channel. We calculated baseflow in three different ways: if
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there was a stream gauge, we used the USGS stream statistics; if the stream gauge was located downstream of a tributary, we calculated the initial base flow for the channel receiving from each sub-basin based on the fraction of the gauged area contributed by each sub-basin in the tributary; if there were no stream gauges available, we estimated the initial base flow through analogy with similar size sub-basins nearby. We used the Green and Ampt option in HEC-HMS to simulate infiltration in each sub-basin, and calculated the saturated hydraulic conductivity, effective porosity and wetting front suction head based on the hydraulic soil group. For each sub-basin, we used the area-weighted properties. For purposes of calculating soil infiltration rates, we estimated percent impervious area using the land use and land cover maps obtained from SSURGO. The runoff transform uses the Soil Conservation Service (SCS) lag time.
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DHSVM is an explicit physically based, spatially distributed hydrological model developed primarily for use in regions with complex terrain. Unlike HEC-HMS, DHSVM uses a rectangular grid formulation, here with a spatial resolution of 150m.
DHSVM represents runoff primarily through the saturation excess mechanism, using a representation of a shallow water table whose depth is modeled similarly to TopModel (Beven and Kirkby, 1979) with the exception that the spatial variation in depth 10 to the water table is represented explicitly, rather than statistically. At each grid cell, unsaturated moisture flow through the root zone is computed using a prescribed hydraulic conductivity which decays exponentially at the water table depth to the saturated hydraulic conductivity. Redistribution of moisture between pixels occurs (only) in the saturated zone, where the hydraulic gradient is take to equal the (computed) slope of the water table, following Wigmosta and Lettenmaier (1999) . The model uses a linear storage scheme to route both overland and subsurface flow (which occurs at the intersection of the water table and 15 the stream network) through a channel network identified using digital topographic data. We calibrated both HEC-HMS and DHSVM using observed daily streamflow at the USGS stream gauges. We calibrated the maximum infiltration rates for each soil type and (for DHSVM) using Manning's coefficients for each channel reach.
We used the output from the two hydrologic models as boundary conditions for the USACE River Analysis System (HEC-20 RAS) one-dimensional unsteady flow model to perform hydraulic simulations of water levels in the Chehalis River main stem and its largest tributaries. The calibrated HEC-RAS model was provided to our team by USACE. USACE, and its contractor, Watershed Science and Engineering (WSE) updated previously existing hydraulic models of the Chehalis River based on data from a bathymetric survey performed by WSE as well as available LiDAR data. They then calibrated the updated model based on hydrologic observations in the watershed. The hydraulic model extends from the mouth of the Chehalis River to upstream (2015)). We used HAZUS-MH version 3.0 and its default dasymetric datasets to calculate how the HEC-RAS-simulated flooding led to direct economic losses to agriculture (crops), to buildings and public infrastructure such as telecommunication lines and roads. The dasymetric data embedded in 5 HAZUS, which includes information about the location and characteristics of the buildings and infrastructures (e.g. number of floors in a building, number of lanes in a road), allocates the use of land and of buildings by economic sectors so that one can estimate how the direct economic losses result in direct production capacity constraints and losses by sector. Because each company or institution relies on a set of suppliers and purchasers to support its activities, they too will experience production losses as a result of the flood, even though they have not been flooded themselves. These indirect economic losses are estimated 10 from the 2008 Input-Output tables extracted from IMPLAN at a 16-sector aggregation level (Avelino and Dall'erba, 2016) . In addition to production losses, the combination of HAZUS and of input-output techniques allow us to quantify how local final demand decreases as a result of the employees suffering from labor income losses due to temporary closure of their workplace.
Reconstruction costs, on the other hand, correspond to a positive stimulus corresponding to the total repair costs of buildings, infrastructure and vehicles that were destroyed or damaged during the flood. Due to the small size of the economy of the 15 affected counties, the model assumes that reconstruction efforts are supplied by companies located outside of the flooded area.
The duration of the recovery phase is given by HAZUS and assumed to be linear in time. The total economic impact in the three affected counties and the rest of Washington is then estimated using the Inventory-Dynamic Inoperability Input-Output Model (Inv-DIIM) proposed by Barker and Santos (2010) , that accounts for month-to-month cascading effects on production chains due to supply restrictions and existing inventories that mitigate some of these losses. In relation to other available input-output 20 models, the Inv-DIIM offers a dynamic view of the inoperability and recovery processes, in addition to accounting for available inventories that can alleviate disruptions in the region (Avelino and Dall'erba, 2016).
Climate Change simulations
To understand how the December 2007 event would change if it occurred in a warmer climate, we used a pseudo-global warming approach (Schär et al., 1996; Sato et al., 2007; Kawase et al., 2009; Lynn and Druyan, 2009; Rasmussen et al., 2011; 25 Lackmann, 2013 25 Lackmann, , 2015 . In this approach, the lateral and initial boundary conditions used in the WRF control simulation are modified by adding a perturbation 'delta' to reflect future changes in temperature, as simulated by Global Climate Model (GCM) projections for the future. We only modified vertical and surface temperature and SSTs, while increasing the specific humidity to maintain constant relative humidity. In this way, we ensured that the storm dynamics remain unchanged (Schär et al., 1996) . It is important to emphasize that this method does not account for possible changes in large-scale dynamics, such The fourteen different CMIP5 global climate models used to calculate the changes in temperature over the region (WRF model outer domain) are listed in Table 2 . Based on one simulation from each model for two different representative concentration pathway scenarios (RCP4.5 and RCP8.5) we obtained an envelope of possible changes in temperature between the 5 future (2071-2098) and the historical mean December-January-February (DJF) temperatures (Fig. 3) . We denote 'lower' as the smallest change in temperature and 'upper' the largest. Surface temperature change range between approximately 1 and 4 K, increase to between 2 and 6 K around 350mb and then decreases sharply to approximately -1 to 2 K at 50mb. These patterns are similar to the global-averaged changes in temperature which have maximum warming in the upper troposphere and cooling in the stratosphere (IPCC, 2013) . results show that some regions generate significantly more runoff due to increased precipitation, while the southeastern part of the basin generates less runoff (Fig. 9b and Fig. 10) . Notably, the Doty station in the headwaters of the basin, shows an increase in peak runoff that ranges from 13% in DHSVM-lower to 44% in HEC-HMS-upper. The use of the two hydrologic models provides an envelope of uncertainty in the numerical representation of the hydrologic response (Fig. 10) . We find that the sharp increase in streamflow in the headwaters dominates the response in the main channel (in all but the DHSVM-lower), 5 as simulated by HEC-RAS (Fig. 11) . There is an increase in both stage and flow throughout most of the channel, with increases that range from about 12-42% in the headwaters (depending on the scenario), to -6 to 5% in the eastern part of the basin, and then about 10-30% at the outlet into Grays Harbor (Fig. 11 and 12a) . Again, only the DHSVM-lower scenario shows small decreases in the eastern part of the basin. Despite significant increases in streamflow, the changes in inundation extent are minimal (Fig. 12b) . The reason for this result is that the December 2007 event was so intense that the flooding extended throughout 10 much of the flood plain to the bounding and steeper hills. The PGW simulated increased flood depths, but not much change in flood extent. It is important to reiterate that we did not simulate the failure of any existing hydraulic structures.
The associated socioeconomic losses, as simulated by HAZUS and Inv-DIIM, show an increase in physical damages of 2-33% in Grays Harbor County, 9-171% in Lewis County and -1-10% in Thurston County (depending on the scenario and 15 the hydrologic model used) (Table 3) . Interestingly, in terms of business interruption losses, the increases are substantially higher and can be very different from the changes in physical damages (27-250%, 14-314% and 46-619% respectively). The flow losses increase dramatically in the DHSVM simulations because of the sectors that are affected during inundation. For example, in Thurston County, public sector and services are significantly affected in the DHSVM simulation, and because these sectors have the largest production and linkages in the county, the impacts increased significantly (480-619%). This 20 indicates that, depending on the hydrological impacts, the simulated economic scenarios can lead to flooding patterns that impact key interconnected sectors in these regions, significantly increasing negative spillover effects. Moreover, due to stronger production-chains in Thurston than in Lewis and Grays Harbor, despite the modest increase in damages, business losses surge the most in Thurston (Table 3) . Interestingly, the economy outside of these three counties is positively impacted as reconstruction and recovery efforts stimulate production in the rest of Washington. As a result, the net impact on local production and 25 trade is positive.
Conclusions
ARs are responsible for most of the extreme winter flooding events in the western United States. As the climate warms, the thermodynamic response of these atmospheric structures will likely lead to significantly more water vapor content and fluxes.
Others have hypothesized that a warmer climate will lead to more intense AR-related flooding events and societal impacts.
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However, the way that the water vapor carried by an AR is transformed into precipitation, runoff, and streamflow along a channel is highly nonlinear and depends on a myriad of fine-scale processes both in the atmosphere and the land surface.
Furthermore, the economic impacts depend on both the human footprint, economic structures in the affected areas and trade linkages with other regions. Because of the risk associated to these events, we need appropriate tools to assess the socioeconomic impact of ARs in a warmer climate.
We have presented an integrated modeling tool that tracks an AR -from its atmospheric development to the economic impacts related to inundation and flooding. We have used this tool to understand how the ARs and their impact could change in 5 a warmer climate using a PGW approach. As argued by Hazeleger et al. (2015) , this type of approach is particularly useful for the affected communities because it uses high-resolution models to simulate an extreme hydrologic event that occurred in the past, which the community can remember. The method is flexible enough to tailor the projections to a narrative; in this case 'how would this extreme event change in a warmer climate?'. Furthermore, the method takes into account three types of uncertainty: a) uncertainty if future radiative forcing, b) uncertainty in the climate system response to this radiative forcing, 10 c) uncertainty in the hydrologic response of the system. In this way providing the community with a range of uncertainty of possible future conditions.
In our application to the December 2007 AR-flooding event over the Chehalis river basin, we found that while there is a clear intensification of AR specific humidity and integrated vapor transport for both the 'lower' and 'upper' PGW scenarios, these 15 changes do not translate into generalized increases in precipitation throughout the basin due to spatially heterogeneous changes in relative humidity and water vapor mixing ratio. For this reason, some parts of the basin receive more precipitation, while others receive less. These changes in precipitation translate into amplified changes in sub-basin runoff (in terms of percent change in water mass). But, because the upper basin runoff increases substantially, the streamflow along most of the Chehalis main stem increases in the warming scenarios. Interestingly, this event was so large, that even in the control simulation most 20 of the inundated area was occupied. As a consequence, while the PGW simulation resulted in significant changes in inundation depth, changes in the inundated area were minor. However, these changes in flood depth resulted in economic losses due to stock damages that ranged between -1% and 171%, while losses in local production and trade within the three impacted counties was between 14% and 619% (depending on the affected county, PGW scenario and hydrologic model). The economy outside of these three counties actually benefitted from reconstruction efforts after the flood.
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The meteorology, hydrology combined with public policy and mitigation cost-benefits considerations will remain a difficult challenge in the future for the Chehalis Basin. Flooding potential may need to be re-considered in light of possible changes in atmospheric rivers in a warmer climate. Our integrated modeling tool provides communities in the Chehalis region with a range of possible future physical and socioeconomic impacts associated to AR flooding. The framework takes into consideration 30 several important sources of uncertainty. It can be applied to other intense flooding events that perhaps affected other parts of the basin. Furthermore, the tool can be modified to understand different future scenarios, including failure of hydraulic structures, changes in land use/land cover etc. In this way, communities in the region will be better prepared to mitigate the losses and improve disaster relief efforts associated to likely changes in precipitation and flooding that a warmer climate will bring. 
